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The modest addition of the dimension-5 term λ(Hˆu · Hˆd)2/M to the superpotential of the minimal
supersymmetric standard model (MSSM) originated from physics beyond the MSSM (BMSSM) has
a signiﬁcant impact on the scenario of the Higgsino-dominated neutralino state being the lightest
supersymmetric particle (LSP). It increases the mass difference between the LSP and the lighter chargino
as well as that between the LSP and the second-lightest neutralino. This enhances the LHC discovery
potential of the chargino and neutralino decays, producing more energetic charged leptons or pions than
the decays without the BMSSM corrections. Furthermore, the coannihilation between the lighter chargino
or second-lightest neutralino and the LSP is reduced substantially such that the LSP mass does not have
to be very heavy. Consequently, an almost pure Higgsino LSP with its mass ∼ 100 GeV in the BMSSM can
account for all the relic density of cold dark matter in the Universe unless tanβ is too large.
© 2009 Elsevier B.V. Open access under CC BY license. 1. Introduction
The presence of cold dark matter (CDM) in our Universe is
now well established by the very precise measurement of the cos-
mic microwave background radiation in the Wilkinson Microwave
Anisotropy Probe (WMAP) experiment [1]. A nominal 3σ range of
the CDM relic density is
ΩCDMh
2 = 0.105+0.021−0.030, (1)
where h is the Hubble constant in units of 100 km/Mpc/s.
One of the most appealing and natural CDM particle candidates
is provided by supersymmetric models with R-parity conserva-
tion [2]. This R-parity conservation ensures the stability of the
lightest supersymmetric particle (LSP) so that the LSP can be CDM.
The LSP is in general the lightest neutralino, a linear combination
of neutral electroweak (EW) gauginos and Higgsinos. Since the LSP
nature depends on its compositions, its detection can vary a lot.
An interesting scenario is the Higgsino-like LSP, which can arise
from a number of supersymmetry breaking models, e.g., focus-
point supersymmetry models [3] or whenever the μ parameter is
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Open access under CC BY license. much smaller than the Bino and Wino masses [4]. In the mini-
mal supersymmetric standard model (MSSM) [5], the Higgsino-LSP
scenario implies nearly-degenerate Higgsino states: Coannihilation
is too eﬃcient so that the observed CDM relic density requires a
rather heavy Higgsino state with mass around 1–1.2 TeV [6]. More-
over, the mass degeneracies between the LSP (χ˜01 ) and the lighter
chargino/second-lightest neutralino (χ˜±1 /χ˜
0
2 ) generate too soft de-
cay products for detecting the states χ˜±1 and χ˜
0
2 at the LHC. Thus,
the Higgsino-LSP in the MSSM posts a diﬃcult scenario at the
LHC.
In this Letter we show that the modest addition of a dimen-
sion-5 term λ(Hˆu · Hˆd)2/M to the MSSM superpotential, a sce-
nario beyond MSSM (BMSSM) [7], alleviates the diﬃculties of the
Higgsino-LSP scenario. It has been discussed that non-renormali-
zable and high-dimensional operators in new physics models can
yield important consequences in low energy phenomenology [8,9].
As shall be demonstrated in the following, this dimension-5 term,
λ(Hˆu · Hˆd)2/M , lifts up the degeneracy between the states χ˜01
and χ˜±1 /χ˜
0
2 [10], thus enhancing the discovery potential of the
chargino and neutralino decays with more energetic charged lep-
tons or pions than the decays in the MSSM. In addition, the coan-
nihilation of the LSP with χ˜±1 or χ˜
0
2 is reduced substantially such
that a light Higgsino-LSP with a mass around 100 GeV can accom-
modate the WMAP data on the CDM relic density.
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Albeit many virtues of low energy supersymmetry (SUSY), ﬁne-
tuning in the lightest Higgs boson mass mh motivates additional
degrees of freedom to the MSSM [10]. New interactions beyond the
MSSM at the TeV scale M may be encoded in higher-dimensional
operators. Recently, Dine et al. [7] have shown that the most gen-
eral dimension-5 superpotential term for the MSSM Higgs sector
is
Wdim-5 = λM (Hˆu · Hˆd)
2, (2)
with the SU(2) contraction Hˆu · Hˆd = Hˆ+u Hˆ−d − Hˆ0u Hˆ0d for the up-
type and down-type Higgs doublet superﬁelds, Hˆu and Hˆd , respec-
tively. This dimension-5 operator has been shown to raise easily
the lightest Higgs boson mass above the LEP bound without loss
of naturalness [11].
Another dimension-5 operator, which breaks SUSY and affects
the Higgs spectrum, is∫
d2θ Z λ
M
(Hˆu · Hˆd)2, (3)
where Z = θ2mSUSY is the spurion ﬁeld with the SUSY breaking
scale mSUSY [7]. If mSUSY  |μ|, the correction to mh comes dom-
inantly from the supersymmetric operator in Eq. (2) rather than
that in Eq. (3). The correction is given to leading order in the di-
mensionless parameter ε ≡ λμ/M by
δm2h = εv2
[
1+ 2s2β + 2(m
2
A +m2Z )s2β√
(m2A −m2Z )2 + 4m2Am2Z s22β
]
 8 m
2
A
m2A −m2Z
v2
ε
tanβ
+ O
(
ε
tan2 β
)
, (4)
where v ≈ 246 GeV is the Higgs vacuum expectation value and
the second expression holds for large tanβ . For simplicity we take
the CP-conserving framework and decoupling limit of mA mZ in
the following. Note that the BMSSM correction is inversely propor-
tional to tanβ in contrast to the conventional radiative corrections.
The correction δmh normalized by mh around the LEP bound is
roughly δmh/mh  20ε/ tanβ for mA  mZ . For ε = 0.05 the cor-
rection can be as large as 50% (10%) for tanβ = 2 (10). Therefore,
the LEP bound is easily satisﬁed by a positive ε ∼ 0.1.
The interaction terms that involve only the Higgsino ﬁelds
(H˜u,d) and Higgs ﬁelds (Hu,d) are given by
LH = −μ(H˜u · H˜d) − λM
[
2(Hu · Hd)(H˜u · H˜d)
+ 2(Hu · H˜d)(H˜u · Hd) + (H˜u · Hd)2 + (Hu · H˜d)2
]+H.c. (5)
After EW symmetry and SUSY breaking, the modiﬁed neutralino
mass matrix MN in the {B˜, W˜ 3, H˜0d , H˜0u} basis reads:
MN =
⎛
⎜⎝
M1 0 −mZ sW cβ mZ sW sβ
0 M2 mZcW cβ −mZcW sβ
−mZ sW cβ mZcW cβ λM v2s2β −μ + 2λM v2cβ sβ
mZ sW sβ −mZcW sβ −μ + 2λM v2cβ sβ λM v2c2β
⎞
⎟⎠,
(6)
and the modiﬁed chargino mass matrix MC in the {W˜−, H˜−} ba-
sis reads:
MC =
(
M2
√
2mW sβ√
2mW cβ μ − λM v2cβ sβ
)
, (7)
where sβ = sinβ , sW = sin θW , etc. To leading order in ε, the
BMSSM effects on the masses of χ˜01 , χ˜
0
2 , and χ˜
±
1 are, in the light
Higgsino case (M1,2 mZ ,μ), [12]mχ˜01,2
 |μ|
[
1− v
2
2μ2
(2s2β ± 1)ε
]
+ sign(μ) (M1c
2
W + M2s2W )m2Z
2M1M2
(1± s2β),
mχ˜±1
 |μ|
[
1− v
2
2μ2
s2βε
]
− sign(μ)m
2
W s2β
M2
, (8)
where in the ﬁrst equation the upper (lower) sign is for χ˜01 (χ˜
0
2 )
mass. With increasing ε both the χ˜01 and χ˜
±
1 masses decrease;
the χ˜02 mass increases for large tanβ  4 but decreases for small
tanβ  4, if the mW /M1,2 correction is ignored. However, since the
LSP mass drops faster than the χ˜±1 mass with increasing ε, sizable
mass differences between χ˜±1 and χ˜
0
1 as well as between χ˜
0
2 and
χ˜01 are developed. Due to the decreasing mass of χ˜
±
1 with ε, the
lower mass bound of mχ˜±1
 94 GeV [13] can constrain the BMSSM
light Higgsino-LSP scenario. If μ is negative, the second term in
the expressions of mχ˜±1
in Eq. (8) slows down the lighter chargino
mass, which leads to larger mass difference between χ˜01 and χ˜
±
1 .
Therefore, the negative μ case accommodates larger parameter
space to explain all the WMAP data by the Higgsino-LSP. However
we note that the combined analysis for the anomalous magnetic
moment of the muon as well as b → sγ prefers a positive μ [14].
In what follows, therefore, we take the case of positive μ.
3. Collider detection
It is well known [12] that in the Higgsino-LSP scenario the
mass degeneracy among χ˜01 , χ˜
0
2 , and χ˜
±
1 renders their detec-
tion at colliders extremely diﬃcult, even though radiative cor-
rections can increase the mass difference by a few GeV [15].1
The decay products of χ˜±1 or χ˜
0
2 are too soft for their detec-
tion. In the BMSSM, the new contribution from the dimension-5
term in Eq. (2) can alleviate the Higgsino-LSP detection problem
signiﬁcantly by inducing sizable mass splittings between χ˜01 and
χ˜±1 /χ˜
0
2 . On the other hand, the Higgsino fraction of the LSP re-
mains high enough to call the LSP a pure Higgsino as long as
the gaugino masses are large. The effect of ε on the neutralino
mixing matrix N , which diagonalizes the neutralino mass matrix
as N∗MNN† = diag(mχ˜01 , . . . ,mχ˜04 ), corresponds to the rotation
of H˜0d and H˜
0
u components. Therefore the LSP Higgsino fraction,
P H˜ = |N13|2 + |N14|2, remains intact by the change of the ε pa-
rameter. In the limit of large gaugino masses, we have almost pure
Higgsino LSP since P H˜  1− O(mW /M1).
In Fig. 1, we show the mass splittings, m0 ≡ mχ˜02 −mχ˜01 and
m± ≡ mχ˜±1 − mχ˜01 , due to the BMSSM corrections as a func-
tion of ε for a speciﬁc choice of parameters: M2 = 2M1 = 1 TeV,
μ = 120 GeV and tanβ = 3. In this parameter set, the LSP mass is
70–110 GeV. For ε = 0.05–0.1, the mass difference between χ˜±1
and χ˜01 is about 15–30 GeV and the mass difference between
χ˜02 and χ˜
0
1 is about 15–40 GeV. These mass splittings are much
larger than those due to radiative corrections, which are typically
a few GeV. Such sizable mass differences can help us detect the
lighter chargino or second-lightest neutralino by tagging more en-
ergetic charged leptons or jets in the decay products. Consequently,
the phenomenological impact of the BMSSM corrections on the
SUSY search at the LHC is expected signiﬁcant. Nevertheless, we
do not perform any full-ﬂedged analysis in the present work, ex-
pecting that such a comprehensive analysis will lead to almost the
same physical conclusions as those described above.
1 The radiative corrections to the mass splittings can be as large as 10 GeV if the
stop mixing angle and mass splitting are large. See Ref. [16].
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m0 = mχ˜02 − mχ˜01 (solid) between the second light-
est neutralino and the LSP and the mass difference m± = mχ˜±1 − mχ˜01 (dashed)
between the lighter chargino and the LSP as a function of the BMSSM correction
parameter ε.
4. Dark matter
In the MSSM Higgsino-LSP scenario, the strong coannihilation
due to mass degeneracy pushes the Higgsino mass rather high,
about 1–1.2 TeV, to account for the CDM relic density in Eq. (1).
We note, in passing, that the MSSM radiative corrections affect the
relic density rather mildly [17]. In the BMSSM, however, the large
mass differences of m0 and m± can suppress the coannihila-
tion effectively; a much lighter Higgsino-LSP can account for the
CDM relic density.
Another compelling feature in the BMSSM arises from the mod-
iﬁed χ˜01 –χ˜
0
1 –Z coupling which is proportional to (|N13|2 − |N14|2).
The ε dependence can be easily seen from the ﬁrst row of the ma-
trix to leading order in the BMSSM corrections, as
N1i ∼
(
0,0,
1+ εh√
2
,
1− εh√
2
)
, (9)
where εh = εv2c2β/(4μ2), and we ignore small terms of
O(mW /M1) as well as an overall phase [18]. In the MSSM
(ε = 0), the light Higgsino-LSP scenario implies an almost van-
ishing χ˜01 –χ˜
0
1 –Z vertex. In the BMSSM, the modiﬁed neutralino
mixing matrix N in Eq. (9) leads to a sizable χ˜01 –χ˜
0
1 –Z ver-
tex, linearly proportional to ε. Therefore, the annihilation process
χ˜01 χ˜
0
1 → Z → f f¯ can be enhanced by the BMSSM corrections, giv-
ing a profound effect on the relic density of the LSP.
For a simple quantitative estimate we use a useful formula for
the CDM relic density [2]
ΩH˜h
2 ≈ 0.1 pb〈σeffv〉 . (10)
We include all the 2 → 2 self-annihilation and coannihilation pro-
cesses in calculating the effective annihilation cross section σeff.
Since the mass difference m0 is substantially larger than m±
for ε ∼ 0.1 (see Fig. 1), we ignore the χ˜01 χ˜02 coannihilation in esti-
mating 〈σeffv〉 and use the following formula for a crude estimate
of the thermally-averaged effective annihilation cross section, tak-
ing into account the coannihilation from χ˜±1 :
〈σeffv〉
=
σχ˜01 χ˜
0
1
vχ˜01 χ˜
0
1
+ 2σχ˜01 χ˜±1 vχ˜01 χ˜±1 (1+
m±
m
χ˜01
)3/2e−m±/T f
[1+ 2(1+ m±m
χ˜0
)3/2e−m±/T f ]2 . (11)
1Fig. 2. The Higgsino-LSP relic density ΩH˜ h
2 as a function of ε: (a) for the ﬁxed
tanβ = 3 with M1 = 300,550,700 GeV, and (b) for the ﬁxed M1 = M2/2 =
300 GeV with tanβ = 2,3,4,5,10. We set μ = 120 GeV and other SUSY mass pa-
rameters to 1 TeV.
We take the freeze-out temperature T f =mχ˜01 /25 and the relative
velocity vij = 0.3 during the freeze-out. For the self-annihilation
cross section (σχ˜01 χ˜01
) we consider the processes χ˜01 χ˜
0
1 → hh, Z0h,
Z0 Z0,W+W−, f f¯ . For the coannihilation cross section (σχ˜01 χ˜−1 )
we include the processes χ˜01 χ˜
−
1 → W−h0,W− Z0,W−γ , f f¯ ′ [19].
In the following numerical analysis we ﬁx mQ˜ L = mq˜R = ml˜ =−A = mA = 1 TeV and include all the radiative corrections to the
masses of neutralinos, charginos, and the Higgs bosons.
In Fig. 2, we show the tanβ- and M1-dependence of the
relic density ΩH˜h
2 versus ε with the ﬁxed μ = 120 GeV. In
Fig. 2(a), we ﬁx tanβ = 3 and take three typical values of M1 =
300,500,700 GeV. As expected, the relic density increases with
ε due to the suppressed coannihilation. In addition, we observe
that decreasing M1 reduces the LSP relic density. This is because
the effective annihilation cross section σeff, dominated by the pro-
cess χ˜01 χ˜
0
1 → f f¯ for sizable ε, is enhanced by the stronger Bino–
Higgsino mixing for smaller M1. Nevertheless the M1-dependence
of the relic density is rather mild.
On the other hand, the tanβ-dependence of ΩH˜h
2 is strong,
as can be seen from Fig. 2(b). We take tanβ = 2,3,4,5,10 for
the ﬁxed μ = 120 GeV and M1 = 500 GeV. The tanβ = 2 case has
the curve terminated at a large ε as mχ˜±1
gets below the experi-
mental bound, mχ˜±1
> 100 GeV. Up to ε ≈ 0.08, the relic density
is increasing with ε, because of more suppressed coannihilation.
And ΩH˜ is larger for smaller tanβ , which can be attributed to
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0
1 self-annihilation while the W
± Z/W±γ modes from the χ˜01 χ˜
±
1 coannihilation.the tanβ-dependence of the masses in Eq. (8): Small tanβ  1
maximally reduces the LSP mass, and thus enhances the mass
difference m± , suppressing the coannihilation. The slope of in-
creasing ΩH˜ around ε  0.08 is very steep, due to the kinematic
closure of χ˜01 χ˜
0
1 → W+W− mode (mχ˜01 is decreasing). Another
interesting feature is that after ε ≈ 0.08 the relic density in the
small tanβ case turns its direction and decreases. This is because,
as ε increases, the χ˜01 –χ˜
0
1 –Z vertex becomes stronger and thus
the self-annihilation process χ˜01 χ˜
0
1 → Z → f f¯ is enhanced. Finally
we observed that the WMAP data of ΩH˜h
2  0.1 with positive μ
strongly prefer small tanβ . If tanβ  4, the WMAP data can be
only partially explained. Of course, if μ is negative, a much larger
parameter space is allowed for the WMAP data.
In order to understand the behavior of the relic density against
ε (especially for the bumpy shape), we calculate the contri-
bution of each channel for small tanβ = 2 case. Fig. 3 shows
the effective annihilation cross section σeff as a function of ε.
Here we set μ = 120 GeV, and M1 = 500 GeV. We take into
account the thermal suppression factor due to the mass dif-
ference. The effective χ˜01 χ˜
±
1 coannihilation cross section is de-
ﬁned by σeff[χ˜01 χ˜±1 ] = 2σχ˜01 χ˜±1 (1 + m±/mχ˜01 )
3/2e−m±/T f . For
the χ˜01 χ˜
0
1 self-annihilation, the W
+W− and f f¯ modes are the
dominant channels. As ε increases, the LSP mass mχ˜01
decreases.
For ε  0.072 the W+W− mode is kinematically closed. The self-
annihilation process χ˜01 χ˜
0
1 → f f¯ is enhanced due to the χ˜01 –χ˜01 –Z
vertex being stronger with increasing ε. On the other hand, the
coannihilation channels, dominant for small ε, become suppressed
with larger ε due to larger mass splittings. As a whole, we have
the bump-shaped distribution of the relic density as a function of
ε in Fig. 2(b). One technical issue can arise when we calculate the
thermally averaged annihilation cross section near W+W− thresh-
olds. Since we ﬁx the relative velocity, there is some discrepancy
in the cross section which is sensitive to the actual relative ve-
locities near the threshold. A more detailed analysis based on the
exact Boltzmann equation will be required for more accurate esti-
mates of the cross sections, which is, however, beyond the scope
of the present short report.
Another important experimental test for the Higgsino-LSP sce-
nario is the spin-independent scattering cross section σ SIχ p of the
LSP with nucleons. We have calculated the scattering cross section
σ SIχ p based on the input parameters given in Ref. [20]. As shown in
Fig. 4, if ε is larger than 0.02, the elastic scattering cross section
σ SIχ p is reduced far below the current limits, mainly because the
lightest Higgs boson mass mh increases with the BMSSM correc-
tions. Here we brieﬂy comment on the spin-dependent scattering
cross sections. The spin-dependent scattering process, which is ex-perimentally more diﬃcult to extract because of the lack of coher-
ent enhancement unlike the spin-independent process, is mainly
mediated by the Z boson. It is enhanced by the stronger χ˜01 –χ˜
0
1 –Z
coupling with increasing ε.
Fig. 4 summarizes all of our ﬁndings of the light Higgsino-LSP
scenario in the BMSSM. For the MSSM parameters, we have chosen
moderate values which can explain the WMAP data: μ = 120 GeV,
tanβ = 3, and M1 = 500 GeV. We show, as functions of the param-
eter ε, the relic density ΩH˜h
2 in units of 0.1, the lightest Higgs bo-
son mass mh , the LSP mass mχ˜01
, the χ˜±1 mass (all masses in units
of 100 GeV), the Higgsino fraction P H˜ of the LSP, and the spin-
independent scattering cross section σ SIχ p in units of 10
−44 cm2. As
ε increases, the Higgs mass mh increases but both mχ˜01
and mχ˜±1
decrease. However, the mass difference m± increases while the
Higgsino fraction P H˜ of the LSP stays high ∼ 98%. We see a dra-
matic enhancement of the Higgsino-LSP relic density ΩH˜h
2 near
ε = 0.08 or larger, where χ˜01 χ˜01 → W+W− channel is kinemati-
cally closed. For our parameter choice, the light Higgsino-LSP of its
mass about 82 GeV, when ε ≈ 0.085, can explain all the observed
CDM relic density in the Universe. For other choices of parameters
we can still accommodate a light Higgsino-LSP as a primary candi-
date for the CDM relic density observed by the WMAP unless tanβ
is large.
5. Conclusions
The ﬁne-tuning of the lightest Higgs boson mass mh in the
MSSM motivates additional interactions beyond the MSSM around
the TeV scale. We have checked that, in the effective Lagrangian
approach, the least-suppressed dimension-5 operator λ(Hˆu · Hˆd)2/M
added to the MSSM superpotential can usually increase mh suf-
ﬁciently for a moderate tanβ and it can signiﬁcantly affect the
light Higgsino-LSP scenario. It lifts up the mass degeneracy be-
tween the LSP and the lighter chargino and that between the LSP
and the second-lightest neutralino as much as a few tens of GeV.
As a result, it is expected to improve signiﬁcantly the chance of
detecting the decay products of charginos and neutralinos at the
LHC. Another important impact is on the Higgsino-LSP dark mat-
ter. Since the mass splittings suppress the coannihilation processes,
the WMAP narrow band for the CDM relic density can accommo-
date a light Higgsino-LSP particle of its mass around 100 GeV for
rather small tanβ .
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